Summary This study was performed to examine the effect of different fat sources, lard, sunflower oil (SO), and fish oil (FO) in high-fat and low-fat diet on reactive oxygen species generation by blood phagocytes, glutathione redox status in erythrocytes, and total plasma antioxidant ability in rats. Whole blood chemiluminescence (CL) did not differ between three low-fat fed groups. However, baseline and phorbol myristate acetate (PMA)-stimulated CL in blood of high-lard fed rats were lower than in low-lard and high-SO fed animals. Phagocyte-stimulated oxidative burst was higher in rats fed high-SO diet than in those fed low-SO and high-FO diets. The highest level of oxidize glutathione (GSSH), the lowest reduce glutathione (GSH)/GSSG ratio in erythrocytes, and the highest plasma activity to reduce ferric ions were observed in rats fed both diets contaning linoleic acid-rich sunflower oil compared to animals fed the corresponding energy from other fats. 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity of plasma was lower in high-lard and high-FO fed rats compared to the corresponding low-fat diets, and the lowest in low-FO fed rats among low-fat fed animals. We presume from our results that linoleic acid may have dual effect, prooxidative in blood cells but maintaining total antioxidant plasma ability.
Introduction
Besides fuel, dietary fats in mammals provide essential fatty acids for the membrane synthesis, protein and carbohydrate modifications, and signalling compounds [1] . However, a high-fat diet depends on its fatty acids composition which could cause various health problems. The effects of a high-fat diet on oxidative stress in response to different dietary fats have been studied extensively [2] [3] [4] , and comprise of a wide range of the oxidative stress parameters. It has been reported that high dietary polyunsaturated fatty acids series 3 (n-3 PUFA) increased erythrocyte membrane susceptibility to peroxidation [4, 5] and lipid peroxide products in rat liver and kidney [6] . Further research has demonstrated that dietary supplementation with n-3 PUFA has no effect on erythrocyte membrane peroxidation [7] , or has a positive effect on the glutathione level and antioxidant enzyme activity in blood [8] . The question remains whether there is increased susceptibility of the membranes to peroxidation, or an increased amount of the lipid peroxidation products resulted from enhanced reactive oxygen species (ROS) generated by blood phagocytes, or dysfunction of the antioxidant systems in blood, or both. Health concequences of a high saturated fatty acid dieting are investigated most frequently in relation to the lipid metabolism and mechanisms of hyperlipidemia which play a crucial role in arteriosclerosis, hypertension, and ultimately cardiovascular disease [9, 10] . The studies on the effect of a high saturated fatty acid diet on oxidative stress in particular tissues have shown different results. Zhang and his co-workes [11] have reported that a high lard diet increases NADPH-dependent ROS production in the rat cerebral cortex, and Ronis et al. [12] have demonstrated increased liver membrane resistance to oxidative stress in rats fed high-fat diet. However, tissue differences in response to particular dietary fats are also likely [13] . In this study we investigated effect of saturated fatty acid rich lard on oxidative-antioxidative status in peripheral blood cells and plasma in comparition to PUFArich diets.
Highly specialized erythrocytes (RBC), despite lacking mitochondria, are subject to free radical exposure due to the auto-oxidation of hemoglobin under high oxygen pressure in the arterial blood and abundant heme iron content. An increased intraerythrocytic ROS concentration results in erythrocytes' membrane lipid peroxidation, acceleration of their senescence, and can cause damage to other intracellular protein [14] . Maintenance of the prooxidant-antioxidant balance in RBC is also important to other tissues since RBCs are the mobile detoxifying elements in the circulation [15] , or when ROS diffuse out of them may be a reason of tissue microinjury [16] . Cellular glutathione (GSH) is non-protein thiol which together with associated enzymes forms the powerful antioxidant and detoxifying system. GSH is readily non-enzymatically oxidized to gluthatione disulfide (GSSG) in the presence of ROS, and the GSH/GSSG ratio is often used as an indicator of the cellular redox state [17] . Because dietary fats greatly modify erythrocyte membrane composition affecting their susceptibility to oxidation [4, 18] , the GSH redox status in erythrocytes is an important parameter of oxidative stress. In this study we investigated the effects of different fats in low-fat and high-fat diets on ROS generation by blood phagocytes, the GSH/GSSG ratio in erythrocytes, and total plasma antioxidant capacity in rats.
Materials and Methods

Chemicals
Ethylenediaminetetraacetic acid (EDTA), phorbol 12-myristate 13-acetate (PMA), luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), 5-sulphosalicilic acid, 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), glutathionee reductase (E.C.1.6.4.2.), β-nicotinamide adenine dinucleotide phosphate reduced form (NADPH), reduced glutathione (GSH), 2-vinylpiridyne, 2,4,6-tripyridyl-s-triazyne (TPTZ), 1,1-diphenyl-2-picrylhydrazyl (DPPH), acetonitryl were purchased from Sigma-Aldrich Chemical (Poznan, Poland). All chemicals were of the analytical grade purity.
Animals and diets
Male Wistar rats (150-160 g) were housed in plastic boxes in the controlled animal facility on a 12 h light/dark cycle. The protocol of the experiment was approved by the Government Ethical Committee for Animal Care. After acclimatization, the rats were randomized into six dietary groups. Three control groups were fed low-fat diets (10% energy from fat) prepared with lard (composed mostly with monosaturated and saturated fatty acid), sunflower oil (SO), and fish oil (FO), and three groups were fed high-fat diets (40% energy from fat) compose of the same fats. The fish oil diets were supplemented with soybean oil to 10% of total fat content in the diet, to maintain adequate intake of essential n-6 PUFA. The fatty-acid composition of fats used to prepare the diets was analyzed by gas-liquid chromatography or given by a supplier, and summarised in Table 1 . Purified diets were prepared once a week and kept in daily rations in sealed bags at −20°C. Their composition, caloric density and compound suppliers are presented in Table 2 . Diets and tap water were provided ad libitum daily at 15.00 h. Food intake was recorded daily and corrected for spillage (±0.1 g). After 6 weeks of feeding followed by overnight fasting, the rats were anesthetized with ketamine and xylazine (i.p. 20 and 10 mg/kg, respectively), blood was withdrawn by way of heart puncture, and then the animals were decapitated.
Chemiluminescence assay Luminol-dependent whole blood chemiluminescence (CL) was measured according to Kukovetz et al. [19] with some modifications [20] . Tubes with three microlitres of fresh blood, and 947 μl of the mixture solution were placed into the thermostatically controlled 1251 luminometer (BioOrbit ® , Turku, Finland) and incubated at 37°C. After 30 min of incubation the resting CL (Baseline) was recorded for 1 min. Then 50 μl of phorbol-12-myristate-13-acetate (PMA) in sterile 0.9% NaCl was added by an automatic dispenser to a final concentration of 10 −5 M and CL was measured continuously for 20 min. CL peak intensity (Peak) and total CL in response to PMA (Total) measured as the area under the CL intensity curve until returning to baseline were calculated by MultiUse v. 2.01 software. CL signal in all samples returned to a baseline between 6th to 9th minute of recording. The mixture solution containing 0.025% w/v luminol and 5% w/v glucose in deionized pyrogen-free water was freshly prepared. The experiment was run in triplicate. The baseline CL and CL Peak were expressed in arbitrary units corresponding to milivoltage potential (aU) per 10 4 leukocytes in the blood sample (aU/10 4 WBC). The Total CL was expressed in arbitrary unit × seconds per 10 4 WBC (aU × s/10 4 WBC).
Erythrocyte hemolysis
The hemoglobin concentration and hematocrit were measured using hematological apparatus (ABX Micros, Montpellier, France) calibrated for the rat blood. Packed red blood cells were washed three times with buffered saline solution, pH 7.4, hemolysed with 5 volumes of ice-cold distillated water, deproteinized with 10% 5-sulphosalicilic acid, and centrifuged at 4°C.
GSH and GSSG measurement
The Tietze's GSH recycling method based on the sequential GSH oxidation by 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), and reduction by the glutathione reductase in the presence of NADPH was applied [21] . The formation of 2-nitro-5-thiobenzoic acid was measured spectrophotometrically at 412 nm for 5 min. The total glutathione concentration was calculated on the basis of a calibration curve obtained with authentic GSH in range 1.5-50 μM. Briefly, the samples were added to 115 mM phosphate buffer, pH 7.4, containing EDTA (5 mM), NADPH (0.2 mM), and DTNB (0.6 mM). The reaction was initiated by addition of glutathione reductase (0.8 U/L). Oxidized glutathione was determined by the same method after derivatization of native GSH with 2-vinylpiridyne (185 mM) [22] . The lower detection limit for GSSG concentration was 0.1 μM. All measurements were performed in duplicate.
Ferric reducing ability of plasma (FRAP)
This method is based upon the reduction of ferric tripyridyltriazine Fe (III)-TPTZ to coloured ferrous tripyridyltriazine Fe (II)-TPTZ at low pH resulting in an increase in absorbance at 593 nm. This assay was performed according to Benzie and Strain [23] . The FRAP solution consisted of 300 mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl, and 20 mM FeCL3 in the ratio 10:1:1 was prepared freshly. The FRAP solution (900 μl) was prewarmed to 37°C, next 50 μl of plasma and 50 μl of deionized water were added, and all reagents were incubated at 37°C for 20 min. Then, the absorbance was measured in spectrophotometer (Ultrospec III, Pharmacia LKB, Cambridge, England) in duplicate. The results were expressed in Fe (II) ions using the calibration curve prepared with the FRAP reagent containing Fe2SO4 in range 0.5-50 mM.
Plasma radical scavenging activity
DPPH test based on decomposition and discolouring of red stable 1,1-diphenyl-2-picrylhydrazyl radicals by a variety of plasma antioxidants acting as electron donors was assayed as Takao et al. [24] . Briefly, 970 μl of 50% methanol, 5 μl of 10 mM in methanol were combined and the control absorbance was measured at 520 nm (A520). The samples were incubated at 20°C for 3 min, then 25 μl of deproteinized with acetonitryl plasma was added, shaken, 
and decrease in the A520 related to DPPH decomposition over a 30-min incubation period was recorded. The DPPH radical-scavenging activity of the sample was measured in triplicate, and calculated according the formula: % radical scavenging activity = (the control absorption -the sample absorption/the control absorption) × 100.
Statistical analysis
Data are shown as means ± SEM. The ANOVA test followed by the Turkey post-hock test was used to compare the effect of high-fat diets. The Scheffe post-hock test was applied to compare the effect of the fat type and the t test was applied to compare the effect of the high-fat diet with the corresponding low-fat diet. Statistical significance was accepted at the p<0.05.
Results
Body mass gain and energy intake Fig. 1 presents the weight gain of rats fed low-fat and high-fat diets prepared with lard, sunflower oil (SO), and fish oil (FO), and their mean caloric intake during a sixweek feeding period. Rats fed high-lard gained most weight compared to animals fed high-SO and high-FO (p<0.05 and p<0.01, respectively), and low-lard (p<0.05). They also consumed more energy from food than animals fed the other fats in high-fat diet (p<0.01). The weight gain of rats fed low-FO was significantly less at the end of the feeding period compared to rats fed the other low-fat diets (p<0.05), although they ate significantly more calories compared to low-lard fed rats (p<0.05). The final weight gain and mean energy intake of high-SO and low-SO fed rats were not significantly different from each other. Fig. 1 . The body weight gain and mean daily caloric intake of rats fed for 6 weeks with low-fat (LF) and high-fat (HF) diets containing lard, sunflower oil, or fish oil. Values are expressed as mean ± SEM (n = 10 per dietary group). Letters depict significant difference p<0.05 as: a vs low-lard diet; b vs other HF diets. Table 3 . The effect of 6-week feeding low-fat and high-fat diets containing lard, sunflower oil, or fish oil as a fat source on reactive oxygen species (ROS) generation by circulating blood phagocytes Peak-chemiluminescence intensity (peak height in mV) after phorbol myristate acetate (PMA) addition; Total -area under the chemiluminescence intensity curve until returning to baseline after PMA addition (integrated value), aU -arbitrary units, WBC -white blood cells. Table 3 presents the luminol-dependent whole blood baseline CL, Peak CL intensity, and Total CL after PMA stimulation of blood phagocyte in rats fed the low-fat and high-fat diets containing different fats. The CL parameters did not differ significantly between rats fed the low-fat diets, although a tendency to increase baseline and PMA-evoked phagocyte oxidative burst in low-FO fed animals was observed. The baseline and PMA-stimulated phagocyte chemiluminescence were significantly lower in high-lard fed animals compared to low-lard (p<0.05), high-SO (p<0.01), and high-FO (p<0.05) fed rats. The Peak and Total CL of high-SO fed rats were 1.33-and 1.25-fold higher, respectively, than of animals fed low-SO (p<0.05), although there was no significant difference in the baseline blood CL between low-SO and high SO fed rats. Among rats fed the high-fat diets, the CL Peak intensity of blood phagocytes after PMA stimulation was significantly lower in high-FO than in high-SO fed animals (p<0.01).
Glutathione redox status in erythrocytes
There were no significant differences in the erythrocyte GSH and GSSH levels between rats fed low-fat and high-fat diet prepared with the same fats, however there were significant differences in their concentrations between animals fed various fats in the same energy quantity in the diet (Fig. 2) . The lowest GSH and the highest GSSH concentrations were observed in RBC of rats fed both low and high SO diets (p<0.001 vs low and high FO; p<0.01 vs low and high lard). Consequently, the GSH/GSSG ratio was the lowest in the erythrocytes of animals fed low and high SO (Fig. 2C ). Although the reduced GSH level in the erythrocytes of low-FO fed rats was significantly higher than of low-lard fed animals (p<0.01; Fig. 2A ), but the antioxidant status measured as the GSH/GSSG ratio was significantly lower in these rats compared to low-lard fed animals (p<0.01; Fig. 2C ). The GSH/GSSG ratio was significantly higher in low and high-lard fed groups compared to animals fed the same energy with SO and FO in the diet (Fig. 2C) .
Total plasma antioxidant ability
The total antioxidant plasma capacity was evaluated by two methods which gave slightly different results. Plasma potency to reduce Fe (III) in the FRAP test did no show any differences between animals fed high-fat and low-fat containing the same fat type. However, plasma of rats fed both low and high SO had the highest antioxidant capacity among groups fed the same energy with lard and FO (p<0.05; Fig. 3A) . DPPH radical scavenging activity of plasma was respectively 2.08-and 1.29-times lower in rats fed high-lard and high-FO than in rats fed the corresponding low-fat diet (p<0.001 and p<0.05, respectively; Fig. 3B ). In Fig. 2 . The effect of the low-fat (LF) and high-fat (HF) diets containing lard, sunflower oil, or fish oil on the concentrations of (A) glutathione (GSH), (B) oxidized glutathione (GSSG), and (C) GSH/GSSG ratio in rat erythrocytes. Values are expressed as mean ± SEM (n = 5-8). Significant differences are as follows: a p<0.01 vs other LF or HF diets; b p<0.01 vs low-lard diet; c p<0.01 vs high-lard diet.
addition, deproteinized antioxidant plasma activity in the DPPH test was significantly lower in rats fed low-FO than in animals fed low-lard and low-SO (p<0.05; Fig. 3B ). Only a tendency to increase plasma anti-DPPH activity between rats fed high-SO and those fed the other high-fat diets was noted.
Discussion
Luminol-dependent CL is a sensitive tool for phagocyte oxidative burst determination [25] . In our study, the baseline and PMA-stimulated reactive species production by blood phagocytes, mainly due to the oxidant-generating enzyme NADPH oxidase, a leakage of ROS from the mitochondrial chain [19, 26] , and to some extent by the xanthine-xanthine oxidase system [27] were significantly different between high-fat and low-fat fed rats depending on the fat source in the diet. The different effect of FO diet rich in n-3 PUFA and SO diet rich in n-6 PUFA on reactive species production by blood neutrophils in the present in vivo study is in accordance with the findings of in vitro studies. It has been found that n-3 PUFA suppressed the stimulated production of superoxide radicals by human neutrophils [28] , and inhibited the NADPH oxidase-dependent superoxide radical production in the whole and disrupted neutrophils comparing to the effect of arachidonic acid [29] . Moreover, twoweek pretreatment of rats with eicosapentaenoic fatty acid (C20:5n-3) resulted in attenuation of the pulmonary macrophage respiratory burst [30] . In contrast, n-6 PUFAs are able to directly promote NADPH oxidase assembly and activation [31, 32] . The main component of sunflower oil, linoleic acid (C18:2n-6), may also indirectly activate NADPH oxidise by protein kinase C stimulation [33, 34] . Serezani et al. [35] have demonstrated that linoleic acid stimulates neutrophil H2O2 release in a dose-dependent and NADPH oxidase-dependent manner. Further, they reported that linoleic acid-induced H2O2 generation depends on 5-lipooxigenase activity and leukotriene B4 synthesis. An augmentation of leukotriene B4 in rat leukocytes in response to the addition of sunflower oil to a basic fish oil diet has been reported also in the earlier study [36] . Our results confirmed in vivo that a high-SO diet causes greater blood phagocyte oxidative burst than an ingestion of high FO. It may suggest that a high quantity of linoleic acid in a diet can augment the risk of tissues microinjury by circulating neutrophils [37] .
The mechanism of the oxidant-generated enzyme inhibition by saturated fatty acids is less easily recognized and understood. To our knowledge there are no studies which demonstrate a direct effect of saturated fatty acids on NADPH oxidase activity. However, it has been found that coconut oil-enriched diet in rats significantly reduced the generation of O2-in neutrophils, partially due to the reduction of glucose-6-phosphate dehydrogenase activity [38] . Furthermore, the carnitine palmitoyltransferase and cytochrome oxidase activities were found to be lower in brown adipose tissue of rats fed lard than of those fed high-PUFA [39] . It is also likely, that ingestion of high saturated fat decreased the saturated fatty acid to PUFA ratio in neutrophil membranes resulted in a decrease in oxidative speciesgenerated enzyme activity in blood phagocytes.
The current determination of the erythrocyte GSH/GSSG ratio and total antioxidant capacity of plasma showed that an augmented phagocyte oxidative burst in high-SO fed rats did not cause parallel pro-oxidative changes in RBC and blood plasma. The lowest GSH/GSSG ratio showing up the intracellular thiol redox potential [17] was found in both low-SO and high-SO fed rats. However, plasma capability to reduce ferric ions was greater in these rats compared to plasma of rats fed lard and FO in the same quantity in the diet. The prominent PUFA component in cellular phospholipids is linoleic acid and its derivate arachidonic acid [40] . A high ingestion of sunflower oil causes an incorporation of linoleic acid into erythrocyte phosphatidylocholine in the highest amount [41] . Linoleic acid and arachidonic acid are well known activators of NADPH oxidase [42, 43] , and may impair GSH/glutathione peroxidase and catalase-mediated catabolism of H2O2 in erythrocytes [14] . Moreover, Yuan and co-workers [44] reported fat type-dependent changes of antioxidant enzymes activity in RBC of Wistar Kyoto rats. Other tissues are also affected by a diet containing SO as a fat source. Ghosh et al. [45] demonstrated a very low level of GSH in the myocardium associated with myocardial necrosis in rats fed high-SO diet. All these findings suggest that a high ingestion of linoleic acid has profound prooxidative effects in different tissues and its incorporation into membrane phosphatidylocholine may be a good biomarker of a short-term antioxidant dietary intervention [41] .
Our results suggest that high-fat diet containing sunflower oil causes oxidative stress in erythrocytes. This is consistent with recent study showing enhancement of systemic lipid peroxidation in rabbits fed with high amount of sunflower oil [46] . In addition, high DNA adducts level as markers for DNA-damage derived from lipid peroxidation products were found in the liver of sunflower oil fed rats [47] . Taking these into consideration it is difficult to explain why sunflower oil rich diet increased plasma antioxidant capacity. Total antioxidant plasma capacity was measured by two complementary methods, and evaluated various pools of antioxidants in plasma [48] . One of powerful plasma antioxidant, uric acid, did not reach the highest level in plasma of SO fed rats (data not shown). Perhaps, this diet could facilitate ingestion of some low molecular weight antioxidants e.g. vitamins, thus plasma antioxidant activity was raised. On the other hand, it cannot be excluded that elevated plasma antioxidant activity is an unspecific secondary effect to systemic oxidative stress phenomenon. However, the precise explanation of sunflower oil induced rise of plasma antioxidant ability requires further studies.
In summary, peripheral blood phagocytes produced less ROS in rats fed high-lard and plasma of these animals had lower ability to decompose DPPH radicals than rats fed high-SO. The erythrocyte glutathione redox status was the highest in rats fed the diet containing lard, and the lowest in rats fed SO. These findings indicate that a diet high in linoleic acid-rich sunflower oil causes a greater phagocyte oxidative burst than ingestion the same energy from saturated fatty acids and marine origin n-3 PUFA, augments oxidative stress in erythrocytes, and can lead to tissue microinjury. However, total antioxidant plasma ability in rats fed sunflower oil was higher than in rats fed equal energy from other fats.
